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\  Abstract 

■/  -  - 

'^High  resolution  cw  coherent  anti-Stokes  Raaan 
spectroscopy  (CARS)  was  performed  in  molecular  deuterium  gas 
Single  node  argon  ion  and  ring  dye  lasers  were  used  to  make 
accurate  measurements  of  the  Raaan  linewidths  of  the  Q(0) 
through  Q(4)  transitions.  These  lines  were  examined  at  room 
temperature  at  pressures  ranging  from  0.35  to  20  atmospheres 
The  pressure  broadening  coefficient  and  the  self  diffusion 
coefficient  of  each  line  were  obtained  in  this  study  and 
compared  with  other  work.  Additionally,  the  transition 
frequency  of  each  line  was  measured  and  the  frequency  shift 
coefficients  were  obtained^ 


HIGH  RESOLUTION  COHERENT  ANTI-STOKES 


RAMAN  SPECTROSCOPY  OF  DEUTERIUM  GAS 


I .  Introdoctlon 

icoherent  anti-Stokes  Raean  spectroscopy  (CARS)  is  a 
third  order  nonlinear  optical  mixing  process  primarily  used 
to  probe  gases.  Two  laser  beams  interact  with  the  medium 
being  studied  producing  a  weak,  third  beam  with  a  higher 
frequency  than  either  of  the  lasers.  This  laser 
spectroscopy  technique  was  first  discovered  in  the  early 

1960 's,  but  it  was  not  widely  used  until  the  mid  1970 's.^ 

With  the  development  of  high  power  tunable  lasers,  CARS  has 

become  a  respected  and  reliable  diagnostic  tool.‘ 

CARS  can  be  used  to  nonintruslvely  determine  the 

temperature  or  major  species  concentration  of  a  gas .  Since 
it  is  an  optical  method,  it  can  be  used  to  study  a  flowing 
gas  without  disturbing  the  flow.  It  can  also  determine  the 
temperature  in  an  environment  where  a  physical  probe  would  be 
destroyed. 

Several  varieties  of  CARS  systems  exist  to  serve 
different  purposes.  Broadband  CARS  can  produce  an  entire 
anti-Stokes  spectrum  during  a  single  laser  pulse,  providing 
excellent  temporal  resolution.  With  this  arrangement,  the 


medium  and  its  spectruua  may  be  studied  in  a  dynamic  system.^ 
High  spectral  resolution  CARS  is  used  on  static  systems  to 
obtain  detailed  spectroscopic  information,  such  as  the 

linewidth  and  the  center  frequency  of  the  transitions.* 

Since  this  system  may  take  several  minutes  to  scan  across 
one  trauisition,  the  temporal  resolution  is  poor,  but  the 
spectral  resolution  is  much  better  than  the  broadband  CARS. 
Either  of  these  methods  may  be  used  to  provide  excellent 
spatial  resolution  by  tightly  focussing  the  beams  to  examine 

a  small  volume  in  the  medium.” 

In  this  experiment,  molecular  deuterium  was  studied  to 
obtain  some  basic  information.  Pressure  broadening  and 
frequency  shift  coefficients  were  determined,  which  will  aid 
in  diagnostic  work.  Also,  the  system  was  improved  to 
provide  better  data.  The  deuterium  transitions  were  more 
difficult  to  obtain  than  the  already  observed  hydrogen 
transitions  because  the  signal  was  less  intense.  Improving 
the  system  will  help  the  follow-on  studies  of  hydrogen 
fluoride  and  deuterium  fluoride,  which  are  important  lasing 
media. 

This  experiment,  which  employs  a  high  spectral 
resolution  cw  CARS  system,  was  designed  to  study  all 
observable  Q-branch  transitions  in  deuterium  over  the 
largest  available  pressure  range.  Linewidth  and  transition 
frequency  data  were  collected  for  the  Q(0)  through  Q(4) 
transitions,  while  the  pressure  was  varied  from  the  lowest 


II .  Theory 

Coherent  anti-Stokes  Raman  spectroscopy  is  based  on  the 

Raman  effect,  which  was  first  observed  by  C.  V.  Raman.*  To 
understand  this,  Rayleigh  scattering  must  first  be  discussed. 
When  a  photon  and  an  atom  or  molecule  collide,  the  particle 
gains  the  energy  of  the  photon  and  then  reemits  a  photon  to 
reduce  the  energy  of  the  particle.  The  energy  of  the  asborbed 
photon  and  the  energy  of  the  emitted  photon  are  usually  the 
same,  which  is  Rayleigh  scattering.  When  the  two  photon 
energies  are  different,  the  result  is  the  Raman  effect. 

George  Stokes  extensively  studied  the  situation  where  the 
emitted  photon  has  less  energy  than  the  absorbed  photon, 

commonly  known  as  a  Stokes  transition.*  Stokes  predicted 
that  the  emitted  photon  could  never  have  more  energy  than 
the  absorbed  photon.  However,  this  situation  was  observed 

and  was  given  the  name  of  an  anti-Stokes  (AS)  transition.^ 

CARS  is  based  on  this  type  of  interaction  between 
photons  and  particles.  As  diagrammed  in  Figure  1,  one 
photon,  called  a  pump  photon  with  a  frequency  of  , 

interacts  with  the  molecule  to  raise  its  energy  to  some 
virtual  state.  The  molecule  then  releases  energy  and  falls 
to  an  excited  state  through  the  stimulated  emission  of  a 
Stokes  photon,  having  a  frequency  of  u^.  The  frequency 


difference  between  this  excited  state  and  the  ground  state  is 
defined  as  the  transition  frequency,  u  .  The  molecule  is 


virtual  State 


then  excited  to  another  virtual  state  by  another  pump  photon 


also  of  frequency  u^.  Finally,  the  molecule  returns  to  its 

original  state  through  the  emission  of  an  auitl-Stokes  photon 
with  a  frequency  of  u... 

A  9 

This  operation  requires  the  interaction  of  three  photons 
to  produce  the  desired  AS  photon  and,  therefore,  is  a  third 
order  nonlinear  effect.  Adequate  understanding  of  this 
subject  requires  a  discussion  of  nonlinear  polarization,  as 
well  as  the  generation  of  the  AS  wave  from  the  wave  equation. 
The  nonlinear  susceptibility,  based  on  the  simple  harmonic 
oscillator  and  resonance,  will  then  be  developed.  Finally, 
the  expected  llnewidths  will  be  discussed  and  the  deuterium 
tramsltlon  frequencies  will  be  derived. 


Nonlinear  Polarization 


Induced  polarization  is  the  response  of  a  dielectric 
medium  to  an  applied  electromagnetic  field.  While 
polarization  is  commonly  considered  a  linear  response  to  the 
field,  there  are  higher  order  nonlinear  terms,  also. 


Therefore,  the  polarization  may  be  expanded  as 

P  =  €o  X  ® 

■  X^®^EE  ♦•••IE 


(la) 

(lb) 


where  P 


polarization 
permltlvlty  In  a  vacuua 


X  >  susceptibility 

E  «  electric  field  intensity 

a  linear  coaponent  of  susceptibility 
a  quadradic  coaponent  of  susceptibility 
X^^)  a  cubic  coaponent  of  susceptibility 
p(^)  a  linear  component  of  polarization 
p(NL)  3  nonlinear  component  of  polarization 

In  CARS,  the  electric  field  is  the  sum  of  the  fields 
from  the  pump  and  Stokes  fields,  which  are  provided  by 
lasers.  Therefore,  if  the  lasers  are  propagating  in  the  z 
direction, 

E  »  Ep  +  (2a) 

-  +  A,eil^s*  “  +  c.c  (2b) 


where  A  »  amplitude  of  the  field 

k  »  propagation  vector 

c.c.  a  complex  conjugate  of  all  preceding  terms 


Since  we  have  already  seen  that  the  CARS  process  is  a 
function  of  three  photons,  then  the  process  must  be  a  third 
order  effect,  requiring  concentration  on  the  third  order 
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where  A  Is  the  conplex  conjugate  of  A,  and  In  the  exponents 
p  «  l(k,z  -  u.tj  and  s  ■  Ifk.z  -  o,t].  The  CARS  process  is 

specifically  concerned  with  the  situation  where  two  pxuap 
photons  are  absorbed  and  one  Stokes  photon  is  emitted.  In 
terms  of  frequency,  this  combination  is  2u^  -  u^.  Thus,  the 

CARS  polarization  is 

(3)  .a  -• 
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(4) 


Generation  of  the  Anti-Stokes  Wave 

The  polarization  that  was  just  developed  will  be  used 
in  this  section  to  generate  the  AS  wave.  The  wave  equation 
describing  the  propagation  of  an  electromagnetic  field  in  a 
lossless,  nonmagnetic  medium  is 
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The  expression  for  polarization  in  equation  (lb)  can  be 
substituted  into  (5)  yielding 
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Where  n*  ■  1  +  and  c*  »  l/(M»e«)* 

CARS  la  cowBonly  used  to  study  gases,  which  are  all 
isotropic.  Inversion  syaaetry  is  a  characteristic  of  all 
isotropic  saterials,  which  means  all  even  order 

susceptibilities  are  zero.*  If  and  all  other  odd 

higher  order  susceptibilities  are  assumed  negligible,  then 
the  infinite  series  in  equation  (6b)  becomes 
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To  solve  this  equation,  a  steady  state  solution  of 
E(t)  s  A..(z)  e''*  is  assumed,  where  A.„(z)  is  the  spatially 

n9  ft  S 

varying  amplitude  and  e**  represents  exp  i[lc..z  -  u..t], 

ft  9  ft  9 

similar  to  e^  and  e*.  When  the  spatial  derivatives  are 
completed , 
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The  last  equality  assumed  a  slowly  varying  amplitude  such 
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The  time  derivative  Is 
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Inserting  these  last  two  results  Into  equation  (7b)  yields 
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CARS 


(10 


The  CARS  polarization  from  equation  (4)  can  be  substituted 
here  and  the  equation  can  be  Integrated  to  find  the  AS 
amplitude.  If  the  pump  field  Is  assumed  to  lose  no  power 
In  the  Interaction,  the  result  Is 

A  =  A*  A*  z  expf-i^^l  slncF^^^l  (11) 

fts  2cn  ^  *  L  2  J  L  2  J 


where  slnc[x]  *  (sin  x)/x  and  Ak  »  2kp  ~  ~  • 

To  obtain  phase  match,  Ak  must  equal  zero. 

To  find  the  power  of  the  AS  beam,  this  amplitude  Is 
squared  and  scaled  by  the  focal  volume  where  the 
photon-particle  Interaction  takes  place.  Also,  the  fields 
are  assumed  to  be  Gaussian  beams,  which  Is  a  good 
approximation  for  the  lasers.  When  this  Is  done. 


AS 
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(12) 


where  P  »  power  (not  polarization) 

c  ■  speed  of  light  in  a  vacutus 

C  >■  constant  that  depends  on  the  definition  of  the 
focal  voluae  and  varies  by  authors ,  > '  ^ ^  ^ 

The  primary  point  of  this  section  is  that  the 
anti-Stokes  power  is  proportional  to  the  square  of  the 
third  order  susceptibility. 

Susceptibility 

The  significance  of  the  power  being  proportional  to  the 

square  of  X^^^  can  be  understood  by  classically  studying  the 

susceptibility,  based  on  the  theory  by  Placzek,  as  presented 

by  Roh.^  Thus  far,  the  polarization  has  been  viewed  on  a 
macroscopic  scale.  Now  the  molecules  will  each  be  considered 
as  simple  harmonic  oscillators.  Each  of  the  N  molecules  will 
have  an  induced  molecular  polarizability,  a(t),  which  can  be 
expanded  by  a  Taylor  series  about  the  Internuclear  spacing 
q(t).  Therefore,  the  polarization  becomes 

P  -  N  a(t)  E  (13a) 


The  electric  field,  B,  is  the  sum  of  the  piimp  and  Stokes 
fields  as  in  equation  (2b). 


More  terms  must  be  defined  to  proceed  towards  the 
equation  of  motion  of  a  molecule.  The  interaction  energy, 

H,  between  an  electromagnetic  field  and  a  molecular  media  is 


H  =  ^  P  B 
2 


The  nonlinear  polarization  is  defined  as 


p(NL)  a  -  3H  a  N  3s|  q(t)  E 

aE  3q|q, 


The  molecular  driving  force  is 


paZl2M«ias(  BE 
N  aq  2  aqlq^ 


Now  the  equation  of  motion  may  be  written  as 


at*  at 
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where  r  =  damping  coefficient 
Oy  =  resonant  frequency 

m  =  reduced  mass  of  molecule 


A  solution  of  the  form 

q  =  Q  e^~*  +  c.c. 

is  assumed,  where  Q  is  the  amplitude  and  the  exponent 
the  same  as  before.  This  gives  a  solution  of 
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By  substituting  this  result  into  the  equation  for  nonlinear 
polarization,  equation  (19), 
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L  H*J 


ar-5  (20) 


-  3e.  Aj  A*  e***"* 


The  second  equality  is  equation  (4).  Equating  the  right 
hand  sides  of  equation  (20)  and  equation  (4)  produces  an 

expression  for 


3e,  h  L3aj  -  (u^  -  «g)  -  i(wp  -  «g)r 


Using  the  simple  harmonic  oscillator  model,  r  can  be  viewed 
as  the  damping  coefficient.  Optically,  r  represents  the 
linewidth  of  a  given  transition.  When  the  system  is  at 
resonance,  with  the  pump  and  Stokes  frequencies  separated  by 
the  transition  frequency,  u, the  portion  of  equation  (23) 


after  the  cross  section  will  change  to  — ,  so  that  the 

r 

stisceptlblllty  Is  Inversely  proportional  to  the  llnewldth. 
From  equation  (12),  the  power  of  the  AS  beam  Is  proportional 

to  the  square  of  which  leads  to 


(24) 


This  relationship  between  llnewldth  and  power  Is  the  Impor¬ 
tant  result.  If  the  llnewldth  Is  known,  then  predictions 
can  be  made  about  the  AS  power. 


Llnewldth  Dependence  on  Pressure 

The  transition  llnewldth,  which  Is  Important  to  CARS,  Is 
dependent  on  pressure  in  a  number  of  ways.  In  the  low 
pressure  ramge  below  a  few  tenths  of  an  atmosphere,  the 
transition  is  Doppler  broadened  by  the  thermal  motion  of  the 
molecules.  Above  a  few  atmospheres,  pressure  broadening 
dominates  the  llnewldth  due  to  the  increased  number  of 
collisions . 

Between  these  two  pressure  regions,  the  pressure  of  the 
gas  compresses  the  molecules  so  that  they  cannot  attain  as 
great  a  speed,  and  thus,  the  Doppler  broadened  llnewldth 
decreases.  However,  the  pressure  Is  not  high  enough  for  the 
collisions  to  dominate  the  llnewldth  through  pressure 
broadening.  In  this  region,  the  two  broadening  forces  work 
together  to  produce  a  narrower  line.  This  phenomenon  is 

known  as  Dicke  narrowing.*^ 


Dicke's  model  of  this  narrowing  and  the  pressure 
broadening  model  are  combined  to  describe  the  llnewldth  In 


the  region  to  Interest  to  give 

4it  D_ 

Au  »  — — 2  +  ap  (25) 

X  cp 

vrtiere  Av  >■  the  full  width  half  maximum  (FWHM)  llnewldth 
Dg  =  the  self-diffusion  coefficient 

X  >■  the  wavelength  of  the  transition 
p  =  the  density  of  the  gas 
a  a  the  pressure  broadening  coefficient 

This  experiment  will  determine  and  a. 

Transition  Frequencies 

The  transitions  to  be  studied  In  this  experiment  are  the 
Q-branch  transitions.  This  Implies  that  the  transition  will 
be  from  the  ground  vibrational  state  to  one  vibrational  state 
above  the  ground  state.  Using  the  vibrational  quantum 
number,  v,  the  transition  will  be  between  v  0  and  v  «  1. 
Throughout  all  this,  the  rotational  quantum  number,  J,  will 
not  change.  Therefore,  Q(J)  will  represent  a  change  In  the 
vibrational  state,  but  the  rotational  state  will  remain  J. 

For  example,  Q(2)  represents  the  translton  between  the  v  =  0, 
J  a  2  state  and  the  v  *  1,  J  >  2  state. 

The  transition  frequencies  can  be  calculated  from  the 
Dunham  coefficients.  The  energy  of  a  given  level  (In  units 


of  cm  may  be  calculated  from 


E(v,J)  »  «g(v+.5)  -  UgXg(vt.5)*  +  ^^6) 

+  UgZg(v+.S)*  +  CBg  -  Oe(v+.5)]  J(J+1) 

-  [Dg  +  J*(J+1)* 

where  E  is  the  energy  of  the  level,  v  and  J  are  quantiim 
numbers,  and  all  other  variables  are  Dunham  coefficients. 

The  difference  In  energy  between  any  two  levels  Is  used  to 
calculate  the  transition  frequency. 

The  units  of  reciprocal  centimeters,  cm~^,  are  really 
the  units  for  wavenumbers.  The  wavenumber  Is  simply  the 
Inverse  of  the  wavelength  in  vacutim  In  units  of  centimeters. 
The  conversion  between  Hertz  and  reciprocal  centimeters  is 

30MHz  a  icffl~^.  Energy  may  be  derived  by  multiplying  the 
frequency  in  Hertz  by  Planck's  constant.  In  this  paper,  the 
term  "frequency"  will  describe  numbers  with  units  of  Hertz 

or  cm~^,  while  the  term  "wavenumber"  will  strictly  apply  to 
numbers  with  the  units  of  cm“^. 

The  Dunham  coefficients  for  deuterium,  given  in 
Reference  14  and  shown  In  Table  I,  were  used  to  calculate 
the  Q~branch  transition  frequencies  shown  In  Table  II. 

These  transition  frequencies  were  then  used  to  calculate  the 
Stokes  and  AS  frequencies,  based  on  the  pump  frequency. 


l6 


TABLE  I 


Ounhan  Coefficients  for  Deuterltm 
(From  Reference  14) 

-  3115. SO  -  30.4436 

Xg  >61.82  Og  ■  1.0786 

Yg  =  0.562  Dg  -  0.0141 

Zq  >  -0.0228  «  -0.000224 


III.  Experimental  Equipment 

Four  types  of  equipment  were  used  In  this  experiment. 
Lasers  provided  the  Stokes  and  pump  beams.  Dlagonstlc 
equipment  was  used  to  determine  the  frequencies  of  the  lasers 
and  to  detect  problems  with  the  lasers,  such  as  mode  hopping. 
A  gas  handling  system  was  used  to  control  the  pressure  In  the 
sample  cell  where  the  antl-Stokes  beam  was  generated.  The 
last  type  of  equipment  detected  the  antl-Stokes  beam  and 
records  Its  llnewldth  and  frequency.  Figure  2  Is  a  block 
dlagreun  of  the  equipment  used  In  this  experiment.  The 
numbers  In  the  figure  also  appear  In  parenthesis  In  this 
chapter  when  the  equipment  Is  dlscxissed. 


Lasers 

Two  laser  systems  were  used  to  provide  the  pximp  and 
Stokes  beams,  which  generate  the  antl-Stokes  beam.  A  cw 
Spectra-Physlcs  Model  165  argon  Ion  laser(l)  produced  the 
SOOmW  single  mode  pump  beam.  Using  an  Intracavlty  etalon, 
the  laser  was  tuned  to  one  of  the  Iodine  absorption  lines 
near  the  center  of  the  514. 5nm  gain  curve.  While  the 

wavenumber  of  this  line  Is  not  recorded  In  the  Iodine  atlas^” 

It  was  estimated  to  be  19429. 73cm~^  by  Interpolation.  An 
Iodine  cell (2)  was  Inserted  In  the  pump  beam  between  scans 
to  monitor  the  frequency  of  the  laser.  The  fluorescence, 
which  was  detected  by  a  photomultiplier  tube(3),  was 
maximized  to  ensure  the  laser  was  operating  near  the  peak  of 
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that  absorption  line.  During  each  scan,  the  stability  of 
the  laser  i«as  monitored  by  the  diagnostic  equipment 
described  later.  A  long  pass  470nm  cut  on  filter (4)  p«s 
placed  in  the  pump  beam  to  attenuate  the  emission  from  the 
plasma  tube  in  the  laser.  Without  this  filter,  the  plasma 
tube  emission  overwhelmed  the  AS  signal. 

The  cw  Stokes  beam  was  produced  by  a  Coherent  699-21 
tunable  dye  laser (5)  with  approximately  200  mW  of  power  and  a 
linewldth  of  IMHz.  Frequency  stablity  was  maintained  with  a 
servo  control  loop  which  minimized  mode  hopping.  The 
stability  of  this  laser  was  also  monitored  with  the 
diagnostic  equipment.  The  Rhodamin  6G  dye  used  in  the  dye 
laser  was  pumped  by  a  Spectra-Physlcs  Model  171  argon  ion 
laser(6)  operating  at  514. 5nm  between  6  and  7  watts. 

A  dichroic  mirror(7)  was  timed  to  collinearly  combine  the 
pump  and  Stokes  beams,  directing  the  majority  of  the  power 
from  each  beam  into  the  sample  cell (8).  A  small  portion  of 
each  beam's  power  was  diverted  by  the  dichroic  mirror (7)  to 
the  diagnostic  equipment. 

Diagnostic  Equipment 

A  variety  of  equipment  was  used  to  determine  the 
frequency  and  monitor  the  stability  of  each  beam.  The 
diagnostics  also  provided  a  relative  frequency  marker  to 
determine  the  linewldth  of  the  anti-Stokes  transition. 

A  Burleigh  Model  HA-10  Wavemeter(9)  was  used  to 


determine  the  approximate  frequency  of  the  dye  laser.  While 


the  waveaeter  was  not  accurate  enough  to  provide  the  absolute 
frequency.  It  did  give  a  real  time  frequency  measurement 

within  about  0.02  cm~^ ,  which  was  very  helpful  in  tuning  the 
dye  laser. 

An  iodine  absorption  cell(lO)  was  used  to  determine  the 
exact  frequency  of  the  dye  laser.  The  dye  laser  was  scanned 
across  a  range  that  contained  at  least  two  prominent  iodine 
absorption  peaks  near  the  Stokes  frequency.  The  wavemeter 
displayed  the  approximate  frequency  of  the  absorption  lines. 

Comparison  of  the  observed  absorption  with  an  atlas^”  of 
iodine  lines  firmly  established  the  absolute  frequency.  A 
PIN  photodiode ( 1 1 )  was  used  to  detect  the  throughput  power. 

A  semi-confocal  Fabry-Perot  cavity (12)  was  used  to 
establish  a  relative  frequency  mark  to  measure  the 
anti-Stokes  linewldth.  The  free  spectral  range  of  the 

Fabry-Perot  was  calculated  to  124MHz  (0.00413cm~^)  by 
scanning  the  dye  laser  over  a  large  range  and  counting 
Fabry-Perot  resonant  peaks  between  two  iodine  absorption 
lines.  A  PIN  photodiode ( 13)  was  used  to  detect  the  resonant 
peaks  from  the  Fabry-Perot  cavity. 

To  monitor  the  stability  of  the  pump  and  Stokes  beams,  a 
scanning  Fabry-Perot  spectrum  analyzer (14)  was  used.  The 
frequency  and  amplitude  stability  could  be  determined  by 
watching  the  oscilloscope ( IS)  that  displayed  the  spectriun 
analyzer  output.  Amplitude  stability  was  monitored  by 
observing  the  height  of  the  peaks  on  the  scope,  while 


frequency  stability  was  deteralned  by  the  lateral  position  of 
the  spikes.  This  made  mode  hopping  and  multi-node  operation 
easy  to  detect. 

Finally,  a  dual  channel  strip  chart  recorder(16) 
recorded  the  response  of  the  detectors  behind  the  absorption 
cell  and  the  semlconfocal  cavity,  as  well  as  the  response  of 
the  detection  system. 

Gas  Handling  System 

The  majority  of  the  Stokes  and  pump  beams  from  the 
dlchrolc  mirror (7)  were  focussed  into  the  gas  sample  cell(8) 
by  a  lens (17)  with  a  10  cm  focal  length.  Here  they 
Interacted  with  the  deuterium  and  generated  the  anti -Stokes 
beam.  Upon  exiting  the  sample  cell,  the  three  colllnear 
beams  were  gently  foc\issed  Into  the  detection  system  by  a 
15cm  focal  length  lens (18).  The  pressure  within  the  sample 
cell  was  regulated  by  a  gas  handling  systea(l9).  The  system 
was  designed  and  constructed  during  this  project  to  control 
the  pressure  from  a  few  torr  to  several  hundred  psl . 

Detection  Eoulpment 

The  three  beams  from  the  sample  cell  were  focussed  into 
the  detection  system,  which  counted  the  antl-Stokes  photons. 
First,  the  AS  beam  was  spatially  separated  from  the  other 
beams  by  a  Pellln-Broca  prlsm(20).  The  pump  and  Stokes  beams 
were  stopped  by  an  aperture (21)  through  vrtilch  only  the  AS 
beam  was  allowed  to  pass.  The  various  frequencies  of  the 


different  transitions  were  passed  by  rotating  the  priss 
which  was  aounted  on  a  microaeter  driven  turntable.  To 
filter  out  any  scattered  light,  the  light  passing  through  the 
aperture  hit  a  9.0nm  bandpass  interference  filter (22)  which 
was  angle  tuned  to  the  AS  frequency. 

The  light  passing  the  interference  filter,  priaarily  the 
AS  signal,  was  focussed  by  a  284bb  lens (23)  onto  the  entrance 
slit  of  a  Jarrel-Ash  aonochroaator(24)  which  was  set  at  the 
AS  wavelength.  An  RCA  8850  photomultiplier  tube(25), 
operated  at  1200V,  was  mounted  on  the  exit  slit  of  the 
monochromator.  The  photomultiplier  was  thermo-electrically 
cooled,  which  reduced  the  typical  dark  count  to  30  counts 
per  second  and  thus  increased  the  signal-to-'noise  ratio. 

The  output  of  the  photomultiplier  entered  a  photon 
counting  system  including  an  EQ6Q  Model  1121  Amplifier/ 
Discriminator ( 26)  and  an  EG&G  Model  1112  Photon  Counter/ 
Processor ( 27) .  The  discriminator  was  set  to  eliminate  the 
majority  of  the  non-photon  noise.  The  output  of  the 
discriminator  entered  the  photon  counter  which  digitally 
displayed  the  photon  count  per  second.  The  discriminator 
also  delivered  an  analog  signal  to  the  strip  chart 
recorder (16)  which  displayed  the  count  rate  of  the  AS 
photons  along  with  the  output  of  one  of  the  pieces  of 
diagnostic  equipment. 


IV.  Procedures 

The  procedure  followed  in  this  experiment  was 
conceptually  simple,  but  complicated  to  implement. 
Conceptually,  the  dye  laser  had  to  be  tuned  to  a  Stokes 
frequency  and  scanned  across  a  range  centered  about  that 
frequency.  To  find  the  frequency  of  the  trams! t ion,  the  AS 
line  had  to  be  recorded  on  the  strip  chart  recorder  along 
with  at  least  two  prominent  iodine  absorption  peaks. 

Measuring  the  distance  from  the  iodine  peaks  to  the  AS  peak 
determined  the  Stokes  frequency  and,  in  turn,  the  transition 
frequency.  To  find  the  llnewldth  of  the  AS  line,  the 
resonant  peaks  from  the  semi-confocal  Fabry-Perot  were 
recorded  along  with  the  AS  line.  Counting  resonant  peaks 
within  the  FHHM  of  the  AS  line  determined  the  width  of  the  AS 
line. 

Experimental  Procedure 

Implementing  this  concept  was  complicated  and  just 
finding  an  AS  line  was  tedious.  To  do  that,  the  pump  beam 
frequency  had  to  be  established  first.  This  was 
accomplished  by  placing  an  iodine  cell  in  the  beam  and 
detecting  the  fluorescence  of  the  iodine  line  near  the 

center  of  the  Ar*^  514. Snm  gain  curve.  The  pump  laser 


intracavity  etalon  was  adjusted  to  maximize  the  single  mode 
output  while  also  maximizing  the  iodine  fluorescence. 

Single  mode  operation  could  be  determined  by  observing  the 


mode  structure  displayed  on  the  oscilloscope  connected  to 
the  spectrum  analyzer.  After  adjusting  the  etalon,  the 
laser  stablized  In  a  few  minutes  and  usually  did  not  need 
adjustment  for  the  rest  of  the  day. 

Before  finding  the  AS  line,  all  the  optics  had  to  be 
adjusted.  The  overlap  of  the  beams  was  set  by  moving  the 
mirrors (7, 28, 29, 30  In  Figure  2)  and  observing  the  overlap  on 
the  lenses  near  the  sample  cell.  The  detection  system  was 
tuned  by  setting  the  monochrometer  to  the  AS  wavelength, 
removing  the  long  pass  filter  from  the  pump  beam,  and 
optimizing  all  the  detection  equipment  to  maximize  the 
detected  emission  from  the  argon  laser  plasma  tube.  This 
Included  rotating  the  Pellln-Broca  prism(20  in  Figure  2), 
moving  the  mlrror(31),  rotating  the  Interference  filter(22) 
and  adjusting  the  lens (23)  near  the  entrance  slit  of  the 
monochromator . 

To  find  the  AS  line,  the  sample  cell  was  filled  to  the 
appropriate  pressure,  the  long  pass  filter  was  placed  In  the 
pump  beam,  and  the  dye  laser  was  scanned  across  a  frequency 
range  that  Included  the  Stokes  frequency,  as  calculated  from 
the  Dunham  coefficients.  Once  the  line  was  found,  the  dye 
laser  was  kept  on  the  Stokes  frequency  and  the  AS  signal  was 
optimized  by  Improving  the  overlap  and  the  detection 
equipment  alignment.  Late  In  the  study.  It  was  discovered 
that  If  the  overlap  and  detection  adjustments  were 
Iteratively  optimized,  the  meoclmum  photon  count  could  be 
significantly  Improved.  Hatching  the  strip  chart  recorder, 


Instead  of  the  digital  display  on  the  photon  counter,  made 
it  easier  to  establish  trends  which  helped  maximize  the 
signal  count. 

Once  all  the  optics  were  optimized,  the  dye  laser  had  to 
be  adjusted  to  properly  scan  across  the  desired  frequencies. 
Since  the  iodine  peaks  were  often  widely  spaced,  the  dye 
laser  cavity  mirrors  and  the  internal  thin  etalon  had  to  be 
carefully  set  so  that  the  laser  would  make  a  complete  scan 
without  mode  hopping. 

With  everything  set,  the  frequency  of  the  argon  laser 
was  once  again  checked  with  the  iodine  cell.  Then,  the 
iodine  cell  was  removed  to  maximize  the  pump  power  delivered 
to  the  scaple  cell.  Three  good  scans  were  then  made  to 
determine  the  frequency  or  llnewidth  of  the  AS  line.  A  good 
scan  meant  the  baselines  on  each  side  of  the  iodine  peaks,  as 
well  as  the  AS  peak,  were  visible.  Also,  the  lines  could  not 
be  distorted  nor  could  mode  hopping  occur. 

To  record  the  frequency  of  the  AS  line,  the  iodine  cell 
throughput  PIN  detector  and  the  photon  counting  system  were 
connected  to  the  strip  chart  recorder.  The  dye  laser  was 
operated  for  three  good  scans,  each  including  at  least  two 
prominent  iodine  absorption  peaks  that  were  physically  near 
the  AS  peak  on  the  chart  paper.  After  the  three  scans,  the 
frequency  of  the  pump  laser  was  again  checked  with  the  iodine 
cell . 

To  record  the  llnewidth  of  the  AS  line,  the  PIN 
photodetector  behind  the  semi-conf ocal  Fabry-Perot  was 


connected  to  the  chart  recorder  in  place  of  the  iodine  cell 
detector.  The  dye  laser  scan  width  was  reduced  to  make  the 
AS  wider  on  the  chart  paper  allowing  a  more  accurate 
measurement.  With  this  arrangement,  three  more  good  scans 
were  recorded  with  the  AS  peak  and  the  semi-confocal 
Fabry-Perot  resonant  peaks. 

This  procedure  was  used  for  each  observable  transition 
for  each  pressure.  The  pressures  studied  were  0.35,  0.5, 

0.7,  1.0,  1.5,  2.2,  3.5,  5.0,  7.0,  10,  15,  and  20 
atmospheres.  These  pressures  were  selected  because,  on  a 
logarithmic  scale,  they  uniformly  covered  the  range  of 
pressures  from  the  lowest  pressure  where  the  lines  were 
observable  to  the  highest  available  pressure.  The  sample 
cell  was  at  room  temperature,  which  was  usually  22 **0. 

Analytical  Procedure 

A  graphical  procedure  was  \ised  to  extract  the  data  from 
the  strip  charts.  The  Stokes  frequency  was  determined  by 
comparing  the  center  frequency  of  the  AS  line  with  the  center 
frequencies  of  the  iodine  lines.  The  center  of  the  FWHM 
width  was  used  to  mark  the  center  of  each  line.  This  method 
was  closest  to  marking  the  center  of  gravity,  which  the 

atlas^’’  used  to  determine  the  center  frequency  of  the 
asymmetric  iodine  lines.  This  method  also  worked  well  for 
the  AS  line  because  sometimes  the  noise  made  it  difficult  to 
select  a  peak  or  the  noise  skewed  the  peak.  One  problem 
encountered  was  that  the  iodine  peaks  were  absorption  peaks 


and  not  fluorescence  peaks.  The  difference  is  that  the 
baseline  changed  as  the  power  of  the  dye  laser  changed 
across  a  scan.  While  this  should  not  have  affected  the 
data,  reading  the  data  from  the  charts  became  more 
complicated. 

To  determine  the  Stokes  frequency,  the  distance  between 
iodine  peaks  was  measured  as  well  as  the  distance  from  one 
iodine  peaUe  to  the  AS  peak.  This  last  distance  had  to  be 
adjusted  by  4ma  because  the  two  pens  on  the  chart  recorder 
were  separated  by  that  distance.  The  ratio  between  the 
peaks,  combined  with  the  frequency  difference  between  iodine 

peaks  from  the  atlas^”'^'  allowed  the  Stokes  frequency  to 
be  calculated.  The  transition  frequency  was  then  calculated 
by  subtracting  the  Stokes  frequency  from  the  pump  frequency. 

The  linewidth  calculation  was  much  easier.  The  FHWM  of 
the  AS  line  and  the  distance  between  a  large  number  of 
semi-confocal  Fabry-Perot  peaks  were  measured  from  the  chart 
paper.  The  ratio  of  these  distances  along  with  the  number  of 
peaks  led  to  the  number  of  peaks  within  the  AS  linewidth. 

This  result  was  multiplied  by  the  free  spectral  range  of  the 
semi-confocal  Fabry-Perot  to  produce  the  AS  linewidth. 


V.  Results 


This  project  was  designed  to  find  all  observable 
antl-Stokes  tr2Uisltlons  In  D2  between  the  lowest  pressure 

where  the  lines  were  observable  and  the  highest  available 
pressure.  The  llnewldth  and  frequency  of  these  trauisltlons 
were  to  be  measured.  The  observable  transitions  were  Q(0) 
through  Q(4),  with  Q(l)  and  Q(2)  clearly  being  the  strongest 
transitions.  A  search  was  conducted  for  the  Q(5)  line,  but 
It  could  not  be  fotind  with  this  system. 

For  each  transition,  the  pressure  was  decreased  until 
the  signal  was  no  longer  detectable.  Table  III  shows  the 
lowest  pressure  for  each  line  that  the  signal  could  be 
observed.  This  table  also  Indicates  the  relative  strength 
of  each  transition  with  the  stronger  transitions  being 
observable  at  lower  pressures. 


TABLE  III 

Lowest  Pressure  with  an  Observable  AS  Signal 


Transition 

Q(0) 

Q(l) 

Q{2) 

Q(3) 

Q(4) 


Pressure 

0.7  atm 
0.5  atm 
0.35  atm 
0.7  atm 
1 . 0  atm 


The  highest  pressure  available  from  the  gas  cylinder 


was  20  atmospheres.  The  llnewldth  measurements  for  the 
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three  weaker  lines,  however,  were  not  reliable  beyond  10 
atmospheres.  In  this  high  pressure  range,  the  lines  were 
too  broad  compared  to  their  heights  to  make  a  valid 
llnewidth  measurement.  The  center  frequency  measurements 
were  still  valid  though.  For  these  measurements, 
the  dye  laser  scanned  across  a  broader  frequency  range, 
which  means  the  time  the  dye  laser  was  on  the  Stokes 
frequency  was  shorter.  Consequently,  the  AS  signal  was 
present  for  a  shorter  time,  so  the  AS  line  was  compressed  on 
the  chart  paper.  The  peak  was  then  defined  well  enough  to 
make  the  lines  observable  and  provide  reliable  data. 

The  linewidth  and  frequency  of  the  Q(0)  through  Q(4) 
tr2uxsitions  at  each  pressure  are  presented  on  the  following 
pages  in  Tables  IV  through  VIII,  respectively.  Some  general 
trends  can  be  seen  that  will  become  more  obvious  in  the  next 
chapter.  The  widths  of  the  lines  decrease  as  the  pressure 
Increases  in  the  low  pressure  ramge.  This  is  a  manifestation 
of  the  Dlcke  narrowing.  The  llnewidths  reach  a  minimum  near 
one  atmosphere  and  start  Increasing  as  the  pressure 
increases.  This  is  due  to  pressure  broadening.  Also,  the 
transition  frequency  tends  to  decrease  as  the  pressure 
Increases,  which  is  a  characteristic  known  as  frequency 
shifting.  The  heights  of  the  peaks  are  not  reported  as  a 
function  of  pressure  because  too  many  variables  are  involved 
to  provide  any  meaningful  results.  Some  of  these  variables 
include  output  power  of  both  lasers,  the  overlap  alignment, 
and  the  detection  equipment  alignment.  In  view  of  this. 


TABLE  IV 


Linewidth  and  Frequency  of  Q(0)  Transition 


Pressure 

Linewidth 

Frequency 

(atm) 

(cm“^) 

(cm“^ ) 

0.7 

0.0111 

2993.6061 

1.0 

0.0092 

2993.6047 

1.5 

0.0098 

2993.6060 

2.2 

0.0133 

2993.6060 

3.5 

0.0205 

2993.6035 

5.0 

0.0279 

2993.6023 

7.0 

0.0381 

2993.6231 

10.0 

0.0541 

2993.6074 

15.0 

- 

2993.5843 

20.0 

- 

2993.5828 

TABLE  V 


Linewidth  and  Frequency  of  Q(l)  Transition 


Pressure 

Linewidth 

Frequency 

(atm) 

(cm"^) 

(cm"^) 

0.5 

0.0082 

2991.5227 

0.7 

0.0070 

2991.5228 

1.0 

0.0058 

2991.5197 

1.5 

0.0064 

2991.5028 

2.2 

0.0075 

2991.5037 

3.5 

0.0085 

2991.5024 

5.0 

0.0116 

2991.5110 

7.0 

0.0181 

2991.5128 

o 

o 

0.0268 

2991.4992 

15.0 

0.0383 

2991.4740 

20.0 

0.0468 

2991.4787 
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TABLE  VI 


Llnewidth  and  Frequency  of  Q(2)  Transition 


Pressure 

(atm) 

Linewldth 
( cm“^ ) 

Frequency 

(cm"^) 

0.35 

0.0108 

2987.2905 

O.S 

0.0089 

2987.2871 

0.7 

0.0084 

2987.2847 

1.0 

0.0081 

2987.2942 

1.5 

0.0086 

2987.3011 

2.2 

0.0100 

2987.3008 

3.5 

0.0142 

2987.2993 

5.0 

0.0188 

2987.2946 

7.0 

0.0291 

2987.2911 

10.0 

0.0363 

2987.2711 

15.0 

0.0548 

2987.2547 

20.0 

0.0712 

2987.2529 

(s 


TABLE  VII 


Llnewidth 

and  Frequency  of  Q(3) 

Transition 

Pressure 

Llnewidth 

Frequency 

(atm) 

(cm"^) 

(cm“^) 

0.7 

0.0082 

2980.9937 

1.0 

0.0083 

2981.0052 

1.5 

0.0089 

2981.0019 

2.2 

0.0123 

2980.9991 

3.5 

0.0162 

2980.9921 

5.0 

0.0203 

2980.9970 

7.0 

0.0260 

2980.9645 

10.0 

0.0381 

2980.9873 

15.0 

- 

2980.9583 

20.0 

- 

2980.9552 

32 


TABLE  VIII 


Llnewldth  and  Frequency  of  Q(4)  Transition 


Pressure 

Llnewidth 

Frequency 

(atm) 

(cm“^) 

(cm“^) 

1.0 

0.0073 

2972.6294 

1.5 

0.0079 

2972.6274 

2.2 

0.0098 

2972.6267 

3.5 

0.0136 

2972.6228 

5.0 

0.0181 

2972.6193 

7.0 

0.0241 

2972.6086 

10.0 

0.0374 

2972.6169 

15.0 

- 

2972.5903 

20.0 

2972.5847 

sone  coBfflon  photon  counts  per  second  for  each  AS  peak  are 
shown  in  Table  IX  Just  to  provide  another  indication  of  the 
strength  of  each  transition. 

Sample  strip  chart  recordings  for  each  type  of 
measurement  are  provided  in  Figures  3  and  4  to  show  the 
signal-to-noise  ratio.  Figure  3  is  a  sample  linewldth 
measurement.  The  lower  trace  is  the  AS  photon  count  as 
determined  by  the  photon  counting  equipment,  while  the  upper 
trace  shows  the  seml-confocal  Fabry-Perot  peaks.  On  the 
original  chart  paper,  the  resonant  peaks  are  all  the  same 
shape  and  they  are  all  eqtially  spaced,  indicating  that  the 
dye  laser  was  stable  throughout  the  scan.  A  sample  of  the 
frequency  measurement  is  shown  in  Figure  4,  with  the  lower 
trace  again  being  the  detected  AS  signal.  This  time,  the 
upper  trace  shows  the  iodine  absorption  lines  that  the  dye 
laser  passed  through  during  its  scan. 

TABLE  IX 

Usual  Maximum  Photon  Counts 
Transition  Count  per  second 


VI.  Analysis 


The  data  presented  in  Chapter  V  has  been  plotted  and 
analyzed  In  this  chapter  to  make  it  more  comprehensible. 

The  pressure  broadening  coefficient,  the  self  diffusion 
coefficient,  and  the  frequency  shift  coefficient  were 
determined  for  each  of  the  observed  transitions.  For 
comparison  purposes,  the  pressure  In  atmospheres  was 
converted  to  the  gas  density  In  amagats,  where  one  amagat  Is 
the  density  of  gas  at  one  atmosphere  at  0**C  (273K).  The 
appropriate  conversion  Is  the  ratio  of  0*C  to  the 
temperature  of  the  experiment,  which  was  usually  22*C 
(295K).  Thus,  the  density  In  amagats  equals  0.925  times  the 
pressure  In  atmospheres  at  22 *C. 

Llnewldth  Analysis 

The  llnewldth  In  the  region  of  pressure  that  was  studied 
Is  a  function  of  pressure  broadening  and  Dlcke  narrowing,  as 
discussed  In  Chapter  2.  In  the  model  In  equation  (25),  the 
two  coefficients  that  characterize  the  llnewldth  are  the 
self-diffusion  coefficient  (D^)  and  the  pressure  broadening 

coefficient  (a).  A  nonlinear  least  squares  curve  fitting 
routine  was  iised  to  find  the  values  of  the  coefficients  that 
produced  the  smallest  RMS  error  between  the  llnewldth  model 
and  the  data  points.  The  llnewldth  data  points  for  the  Q(0) 
through  Q(4)  transitions  and  the  curves  with  the  best  fit 
are  plotted  in  Figures  5  through  9,  respectively.  The  error 
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Figure  6.  Q(l)  Linewidth  vs  Density 
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Murray  and  Javan 


Figure  8.  Q(3)  Linewidth  vs  Density 


Density  (amagat) 


bars  are  smaller  than  the  symbols  that  represent  the  data 
points,  so  the  error  bars  are  not  shown  in  the  figures.  The 
plotted  points  are  the  average  values  of  the  three  runs 
taken  at  each  pressure  for  each  line.  The  error  bars 
represent  the  variation  of  the  llnewidth  of  each  individual 
run  about  the  average  value. 

The  linewidths  reported  by  Murray  and  Javan, and  Byer 

and  Heneslan**  are  also  shown  in  Figures  8  through  8. 

Murray  and  Javan's  llnewidth  curves  for  Q(l)  through  Q(3) 
are  conslstantly  lower  than  the  curves  of  this  work,  as 
shown  in  Figures  6,  7,  and  8.  Since  all  three  figures  show 
the  same  pattern,  the  difference  may  be  that  the  two 
experiments  did  not  use  the  same  technique  to  madce  these 
measurements.  Since  Byer  and  Henesian  reported  their  work 
in  atmospheres  at  room  temperature,  their  data,  as  shown  in 
Figure  7,  have  been  converted  to  amagats.  It  was  assumed 
that  their  room  temperature  was  22^C.  Byer  and  Henesian 's 
Q(2)  data  nearly  matches  the  curve  from  this  study, 
indicating  a  close  agreement.  Figure  10  shows  the  entire 
family  of  curves  from  this  experiment. 

Henesian  and  others  have  reported  two  other  experiments 

dealing  with  the  llnewidth  of  the  Q(2)  transition. In 
both  of  these  reports,  the  results  were  only  displayed 
graphically,  making  any  analytical  comparison  impossible. 
However,  the  linewidths  do  appear  to  correspond  well  with 


this  work. 


Figure  10.  Linewidth  of  all  Transitions  vs  Density 


For  a  quantitative  comparison  between  this  and  other 
work,  the  pressure  broadening  and  self  diffusion  coefficients 
are  shown  In  Table  X.  While  the  values  of  the  coefficients 


of  this  work  are  not  the  same  as  Murray  and  Javan's  work, 
the  results  of  this  work  are  more  accurate.  The  RMS  errors, 
8,  of  this  study  are  20  to  30  times  smaller  than  Murray  and 
Javan's  RMS  errors.  Indicating  a  much  better  fit  to  the 
data.  In  fact,  the  obviously  large  error  committed  by 
fitting  their  coefficients  to  the  data  points  of  this  study 
Is  less  than  half  of  their  reported  RMS  error.  Although 
Byer  and  Heneslan  did  not  report  an  RMS  error,  the  value  of 
their  coefficients  are  close  to  the  numbers  from  this  work. 

If  the  diffusion  model  of  Dlcke  narrowing  were  strictly 
valid,  the  diffusion  coefficients  should  have  the  same  value 
for  all  of  the  transitions.  However,  the  best  fit  to  the 
data  was  obtained  with  different  diffusion  coefficients. 

This  Is  the  first  known  experimental  determination  of  the 
diffusion  coefficient  for  deuterium;  the  other  reported 
diffusion  coefficients  are  estimates.  Murray  and  Javan 
state  that  their  diffusion  coefficient  Is  "accurate  to 

perhaps  while  Byer  and  Heneslan  state  "one  would 

estimate"  the  value  that  they  reported.^* 

This  work  Is  also  the  first  to  report  on  five  Q-branch 
transitions.  Most  other  researchers  have  only  dealt  with  the 
Q(2)  line  and  Murray  reported  the  most  lines  when  he  examined 
Q(l)  through  Q(3).  This  study  of  two  unexplored  lines 


TABLE  X 


P]*essuz'0  Bfosdonlno  and  Self  Diffusion  Cosfficisnts 
Transition  This  Study  Murray  &  Javan‘S  Bysr  S  Henesian 


a 

D, 

8 

a 

D. 

8 

a  Do 

Q(0) 

5.79 

1.092 

2.3 

- 

- 

- 

- 

Q(i) 

2.70 

0.860 

2.5 

1.4 

0.952 

70 

- 

Q(2) 

4.00 

0.889 

2.9 

2.2 

0.952 

70 

3.8  1.02 

Q(3) 

4.10 

1.126 

3.7 

2.6 

0.952 

80 

_ 

Q(4) 

3.87 

0.914 

2.9 

- 

- 

- 

- 

— »3  *^1 

Commsnts :  a  in  tinits  of  10  cm  ama^at 

D,  in  units  of  10"®  cm®  amagat  s 
8  in  units  of  10~*  cm  ^ 


provides  valiaable  new  Information.  Considering  the  small 
range  In  RMS  errors  for  all  the  lines,  the  Q(0)  and  Q(4) 
coefficients  should  be  just  as  accurate  as  the  central  three 
lines. 

Transition  Frequency  Analysis 

Measuring  the  transition  frequency  of  each  line  and 
determining  Its  variation  with  pressure  was  another  part  of 
this  study.  The  trauisltion  frequency  seems  to  decrease 
linearly  with  an  Increase  In  the  density  of  the  gas.  A 
linear  least  squares  routine  was  used  to  find  the  best  line 
to  fit  the  data,  as  that  method  has  been  used  In  earlier 

work.^'^^  The  model  Is 


«g(p)  *  «g(P“0)  +  bp  (27) 

where  a^(p-O)  Is  the  reported  value  of  the  transition 

frequency  and  b  Is  the  frequency  shift  coefficient. 

The  experimentally  determined  transition  frequencies  and 
the  transition  frequencies  calculated  from  the  Dunham 
coefficients  are  displayed  In  Table  XI.  The  Q(2)  transition 

frequency  reported  by  Byer's  group^”  Is  also  provided  for 
comparison. 

The  value  of  this  Information  cannot  be  determined  until 
the  fit  of  the  least  squares  routine  Is  examined.  The 
transition  frequencies  for  the  Q<0)  through  Q(4)  lines  are 
plotted  In  Figures  11  through  15,  respectively.  The  data 
points  appear  to  be  scattered  and  the  quality  of  the  fit  Is 
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not  good.  In  fact,  to  gat  this  fit,  soaa  points  wore 
discarded  because  they  were  too  far  from  the  line  and  were 
obviously  erroneous.  The  discarded  points  are  indicated  by 
circles  in  the  figures. 

The  cause  of  the  scattered  data  is  siaple,  but  the 
solution  is  not.  The  puap  beaa  frequency  was  established  by 
aaxiaizing  the  fluorescence  froa  the  iodine  cell.  However, 
the  Doppler-broadened  iodine  peaks  are  approximately  700MHz 
wide,  and  within  lOH  of  the  peak,  the  iodine  lines  are  up  to 

4S0MHZ  (0.01Scm~^)  wide.  Thus,  while  the  intensity  of  the 
fluorescence  from  the  iodine  cell  was  always  near  its 
maxiatim,  the  laser  could  have  been  anywhere  in  a  frequency 
range  approximately  490  MHz  wide.  This  is  what  caused  the 
large  error  bars.  The  frequency  problem  was  not  in  mode 
hopping  as  that  would  have  been  noticed.  Also,  the  data 
that  was  taken  during  one  day  is  Internally  consistant.  The 
problem  lies  in  the  laser  not  coming  up  on  the  stuie 
frequency  every  day.  Correcting  this  problem  will  be 
difficult  without  frequency  stablizing  the  argon  ion  puap 
laser . 

The  frequency  shift  coefficients  are  summarized  in 

Table  XII,  along  with  Murray  and  Javan's  results. The 
poor  fit  created  an  RMS  error  that  is  approximately  the  same 
as  Murray  and  Javan's.  Thus,  the  central  three  lines 
provide  no  significant  new  information.  It  is  not  known 
which  results  are  more  accurate.  The  cause  of  the  RMS 


TABLE  XII 


Frequency  Shift  Coefficients 

Transition  This  Study  Murray  &  Javan 

b  8  b  8 


Q(0) 

-1.63 

1.7 

- 

- 

Q(l) 

-2.45 

12.6 

-1.45 

8 

Q(2) 

-3.21 

7.5 

-1.7 

6 

Q(3) 

-2.84 

8.1 

-1.35 

- 

Q(4) 

-2.73 

3.3 

- 

- 

•3  —1  — 1 

Comnents  :  b  in  units  of  10  cm  amagat 
8  in  units  of  10~®  cra""^ 


errors  of  Q(0)  and  Q(4)  being  lower  than  the  other  errors  is 
also  unknown.  The  significant  result  Is  that  frequency 
shift  coefficients  for  Q(0)  and  Q(4),  which  have  never  been 
reported,  are  now  available. 


A  high  spectral  resolution  cw  CARS  system  was  used  to 
measure  the  llnewldths  and  the  transition  frequencies  of  the 
Q-bremch  of  deuterium.  More  transitions  have  been  measured 
In  this  project  than  In  any  other  known  work.  While  most 
researchers  have  only  reported  results  on  the  strongest  Q(2) 
translton,  and  Murray  and  Javan  reported  on  Q(l)  through 
Q(3),  two  additional  transitions  were  observed  In  this 
experiment,  resulting  in  the  Q(0)  through  Q(4)  transitions 
being  reported. 

This  measurement,  which  covered  between  0.35  and  20 
atmospheres  at  room  temperature,  produced  meaningful  results 
on  the  linewldth  of  deuterium.  The  pressure  broadening 
coefficients  are  the  most  accurate  yet,  and  the  self 
diffusion  coefficient  was  experimentally  determined  on 
the  basis  of  the  diffusion  model  of  Dlcke  narrowing. 

The  system  was  refined  during  this  work  to  make  further 
stTidles  possible.  A  gas  handling  system  was  developed  to 
control  the  pressure  in  the  sample  cell  without  removing  the 
cell.  The  optical  alignment  was  found  to  be  more  critical 
than  previously  thought,  requiring  Iterative  fine  tuning  of 
the  optics  to  maximize  the  antl-Stokes  signal.  An  attempt 
to  monitor  the  pump  laser  frequency  indicated  that  the 
frequency  of  the  laser  does  not  change  during  one  day,  but 
that  It  does  change  from  day  to  day.  Active  frequency 
stabilization  of  the  pump  beam  Is  deemed  necessary  to 
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correct  this  problem  and  provide  better  transition  frequency 
measurements . 

Since  this  is  only  one  in  a  series  of  projects  on  this 
system,  some  recommendations  are  appropriate.  When  scans  are 
performed  to  determine  the  high  pressure  linewldth,  the  dye 
laser  should  be  scanned  rapidly  or  the  chart  paper  should  run 
slowly.  Either  of  these  operations  will  make  the  AS  peak 
more  observable  and  may  allow  more  accurate  measurements.  To 
also  improve  the  measurements,  the  fluoresence,  not 
absorption,  should  be  detected  from  the  iodine  cell.  With 
this  arrangement,  the  baseline  would  not  move  as  the  laser 
power  changes.  Finally,  the  anti-Stokes  signal  should  be 
optimized  by  iteratively  improving  the  optical  alignment 
before  each  series  of  scans.  If  this  is  carefully  done,  the 
coefficients  determined  in  future  experiments  will  be  more 
accurate,  and  more  transitions  may  be  observed. 
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